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Aims: At the time of diagnosis, 60% of lung cancer patients present with cachexia, a
severe wasting syndrome that increases morbidity and mortality. Tumors secrete multiple
factors that contribute to cachectic muscle wasting, and not all of these factors have
been identified. We used Orbitrap electrospray ionization mass spectrometry to identify
novel cachexia-inducing candidates in media conditioned with Lewis lung carcinoma
cells (LCM). Results: One-hundred and 58 proteins were confirmed in three biological
replicates. Thirty-three were identified as secreted proteins, including 14-3-3 proteins,
which are highly conserved adaptor proteins known to have over 200 binding partners.
We confirmed the presence of extracellular 14-3-3 proteins in LCM via western blot and
discovered that LCM contained less 14-3-3 content than media conditioned with C2C12
myotubes. Using a neutralizing antibody, we depleted extracellular 14-3-3 proteins in
myotube culture medium, which resulted in diminished myosin content. We identified
the proposed receptor for 14-3-3 proteins, CD13, in differentiated C2C12 myotubes
and found that inhibiting CD13 via Bestatin also resulted in diminished myosin content.
Conclusions: Our novel findings show that extracellular 14-3-3 proteins may act as
previously unidentified myokines and may signal via CD13 to help maintain muscle mass.
Keywords: cachexia, cancer, myosin, proteomics, skeletal muscle, 14-3-3 proteins
Introduction
Lung cancer kills more people each year than prostate, pancreatic, breast, and colon cancers
combined (Society, 2012). At the time of diagnosis, 60% of lung cancer patients have cachexia,
a severe wasting syndrome that includes loss of muscle mass, weakness, and fatigue (Fox
and Wang, 2007; Fearon et al., 2011; Society, 2012). This syndrome cannot be reversed by
nutritional interventions, diminishes response to and tolerance of cancer treatments, and increases
morbidity and mortality (Fearon et al., 2013). Over the last several decades, research has revealed
the complex and multifactorial nature of cachexia (Tan and Fearon, 2008; Blum et al., 2011;
Fearon et al., 2011; Tsoli and Robertson, 2013). Tumor- and host-derived inflammatory factors
stimulate degradation of myofibrillar proteins via signaling pathways, including up-regulation of
ubiquitin proteasome activity and autophagy (Romanello and Sandri, 2010; Fearon et al., 2013).
Abbreviations: : LCM, Lewis lung carcinoma conditioned medium; PAGE, polyacrylamide gel electrophoresis.
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In addition to increased protein degradation, protein synthesis
is also reduced, contributing to a net loss of muscle mass
(Gordon et al., 2013). The intracellular pathways leading to
muscle wasting have been widely studied; however, we know
less about the tumor-derived extracellular factors that alter the
balance between protein synthesis and degradation. Although
cachectic cytokines, such as TNF-α and IL-6, are elevated
in the sera of cancer patients, clinical trials with one-target
inhibitors have proven ineffective (Mantovani et al., 2013; Tsoli
and Robertson, 2013). These results confirm that no single
cytokine is responsible for cachexia, and suggest that there may
be unknown extracellular factors contributing to cancer-induced
muscle wasting. Identifying novel cachectic factors warrants
further study.
We chose to focus on identifying cachectic factors from lung
cancer because it accounts for 23% of all cancer deaths worldwide
(Jemal et al., 2011). Lewis lung carcinoma served as our cancer
model because it is known to induce cachexia both in vitro and
in vivo (Carbo et al., 2004; Argiles et al., 2008; Puppa et al.,
2014). One hundred and fifty eight proteins were identified by
mass spectrometry, and we focused on the 33 secreted proteins.
14-3-3 proteins in particular captured our attention: they are a
multi-functional and highly conserved family of binding proteins
with over 200 known partners (Freeman and Morrison, 2011;
Gardino and Yaffe, 2011; Kleppe et al., 2011; Obsil, 2011).
The seven isoforms of 14-3-3 proteins are routinely found
in the intracellular environment affecting signaling pathways
by altering enzymatic activity, protein-to-protein interactions,
cellular location, and protein stability (Freeman and Morrison,
2011; Gardino and Yaffe, 2011; Kleppe et al., 2011; Obsil, 2011;
Tzivion et al., 2011). Several recent studies have shown that
some isoforms, including 14-3-3η, 14-3-3σ, and 14-3-3α/β, act in
an extracellular manner to activate signaling cascades (Ghaffari
et al., 2010; Asdaghi et al., 2012; Maksymowych et al., 2014). We
found that depletion of extracellular 14-3-3 proteins decreased
myosin content in skeletal muscle. Extracellular 14-3-3 proteins
potentially represent a novel mechanism of regulating skeletal
muscle mass.
Materials and Methods
Myotubes
We plated C2C12myoblasts (American Type Culture Collection)
at a density of 10,000 cells/cm2 in growth medium [Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS), 1.6 g/L NaHCO3, and 100U/ml PenStrep
(Invitrogen)] and grew cells at 37◦C in 5% CO2. After 3
days, cells reached ∼90% confluence, and we serum-restricted
the cells in differentiation media (DMEM as above with 2%
horse serum replacing FBS). After 4 days in differentiation
media, multinucleated myotubes were ready for treatment.
Fresh medium was added every 2 days (Moylan et al.,
2014).
Cancer Cells
Lewis lung carcinoma cells (LL/2: American Type Culture
Collection) were seeded in 100mm cell culture plates in growth
medium (as above) at a density of 6000 cells/cm2. After 2 days,
we added supplementary growth media to each plate. LL/2 cells
contain a heterogeneous mix of adherent and floating cells.
After 4 days, we removed growth medium, and floating cells
were harvested by centrifugation at 500 × g, 5min. Pelleted cells
and 10mL differentiation media were added back to the plate
containing the adherent cells. After 2 days, conditioned media
were harvested and cleared of cells and debris by centrifugation
(500× g, 5min). Aliquots were frozen in liquid nitrogen for later
use. For myotube treatments, conditioned media were diluted
1 in 4 with fresh differentiation media. For mass spectrometry
analysis, serum-free media replaced differentiation media
(McLean et al., 2014).
Western Blot
We homogenized C2C12 myotubes in 2X protein loading buffer
(120mM Tris pH 7.5, 4% SDS, 200mM DTT, 20% glycerol,
0.002% bromphenol blue). Proteins were separated in equal
volumes of lysates by SDS-PAGE (4-15% Criterion, BioRad). We
determined relative total protein by scanning (Odyssey Infrared
Imaging, LI-COR) stained gels (Simply Blue, Invitrogen). We
used fluorescence intensity data to normalize total protein for
equal loading. SDS-PAGE was used to separate equal amounts
of protein, which was then transferred to PVDF membranes for
western blot using the Odyssey System (Moylan et al., 2014).
For conditioned media samples, we combined 6X loading buffer
(as above) 1:10 with conditioned media, and followed the same
procedure as for lysates.
Antibodies
For western blot, primary antibodies were mouse anti-myosin
(Sigma), rabbit anti-pan 14-3-3 (Cell Signaling), and rabbit
anti-CD13 (Abcam). Secondary antibodies included anti-mouse
IRDye 800 CW and anti-rabbit IRDye 800 CW (LI-COR). For
antibody neutralization experiments, we treated cell culture
medium with a 1:200 dilution of the primary antibody for
pan-14-3-3 or CD13, or the respective heat-inactivated control
for 48 h.
Fluorescence Microscopy and Width
Measurements
For width measurements, we incubated C2C12 myotubes with
nucleic acid stain, Syto13 (2.5µM, Invitrogen) for 15min.
We captured live-cell bright field and fluorescence images
(excitation: 488 nm, emission 509 nm) using a CCD camera
(CoolSNAP-ES, Roper Scientific Photometrics) attached to a
Nikon TE2000 microscope with NIS Elements image acquisition
software (Nikon). To obtain the average myotube width
per well, we measured 3 images per well, 5 myotubes per
image, and 5 width measurements per myotube. For CD13
immunofluorescence, myotubes were fixed in 100% methanol
cooled to −20C for 5min, after which they were blocked for
30min with Odyssey block buffer (LI-COR). After blocking,
we incubated cells with 1:250 dilution of rabbit anti-CD13
antibody (Abcam) overnight at 4C. After rinsing myotubes
3x, we incubated cells 1 h with 1:1000 secondary antibodies,
donkey anti-rabbit 649 (DyLight). We captured fluorescence
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FIGURE 1 | LCM-induced loss of myotube width. (A) Image of untreated myotubes. (B) Image of myotubes treated with LCM for 48 h. (C) Graph of width
changes in control and LCM-treated myotubes (mean ± SE, n = 6, repeated measures ANOVA, *P < 0.05).
images using the same system as above (excitation: 655 nm,
emission 670 nm). Fluorescence was measured with ImageJ
(NIH).
Proteomics
Mass spectrometric analysis was performed at the University
of Kentucky, Proteomics Core Facility. This core facility is
supported in part by funds from the Office of the Vice President
for Research. Cellular locations of identified proteins were
determined by database searches in Protein (NCBI) and UniProt
(UniProt Consortium).
Statistics
Prism 5.0b served as our statistics software (GraphPad Software).
We used ANOVA, or repeated measures ANOVA, with
Bonferroni post-test for multiple comparisons, and t-test for all
other comparisons. Data are presented as mean ± SE. Statistical
significance was defined as p < 0.05.
Results
LCM Treatment Induces Loss of Myotube Width
To confirm the efficacy of our in vitro muscle-wasting model,
we treated C2C12 myotubes with LCM and measured myotube
width.Wemeasured width before treatment and found that there
was no difference in average width between groups. After 48 h
of LCM treatment, we found that the average width in control
myotubes increased, while the average width in LCM-treated
myotubes decreased (Figures 1A–C).
LCM Treatment Decreases Total Protein and
Myosin Protein Content
Cancer cachexia is known to preferentially degrade the
myofibrillar protein, myosin (Acharyya et al., 2004; Banduseela
et al., 2007; Ochala and Larsson, 2008). To confirm this outcome
in our model, we treated myotubes for 48 h with LCM and
measured total protein and myosin content via western blot.
FIGURE 2 | LCM treatment decreases total protein and myosin in
C2C12 myotubes. 48 h of LCM treatment decreased (A) total protein by
14%, and (B) myosin content by 70% (mean ± SE n = 6, *P < 0.05, t-test).
Compared to control, LCM treatment caused a loss of total
protein and myosin (Figures 2A,B).
Proteins in Lewis Lung Cancer Conditioned
Media
Cancerous tumors secrete factors that alter their surrounding
environment. To investigate which tumor-derived proteins may
contribute to cancer cachexia, we used mass spectrometry to
examine three biological replicates of serum-free LCM. Mass
spectrometry identified 446 total proteins, with 158 confirmed
in all replicates (Figure 3A). We identified the cellular location
of the 158 confirmed proteins and found that 33 were secreted
(Figure 3B).
Extracellular 14-3-3 Proteins in LCM and their
Effect on Myosin Content
Our proteomics data showed that LCM contains all seven
isoforms of 14-3-3 proteins, but any effect of extracellular 14-3-3
proteins on skeletal muscle was unknown. Using an anti-pan14-
3-3 antibody, we assessed 14-3-3 content in media conditioned
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FIGURE 3 | Mass spectrometry results comparing protein distribution
in LCM.(A) Each circle represents one biological replicate of LCM and
compares the number of proteins that the replicates shared in common. (B)
Cellular location of the 158 proteins confirmed in LCM.
FIGURE 4 | 14-3-3 content and its effect on myosin. (A) Pan 14-3-3
content in C2C12-CM vs. LCM (mean ± SE n = 4, *P < 0.05, t-test). (B)
Myosin content decreased when extracellular 14-3-3 proteins were neutralized
in myotube cell culture medium using an anti-pan14-3-3 antibody (mean ±
SE, n = 4, *P < 0.05, ANOVA with Bonferroni post test).
with untreated C2C12 myotubes (C2C12-CM) and in LCM via
western blot. Compared to C2C12-CM, LCM contained less 14-
3-3 content (Figure 4A). To assess whether extracellular 14-3-3
proteins affect myosin content in skeletal muscle, we neutralized
14-3-3 proteins in myotube culture medium using an anti-
pan14-3-3 antibody. After 24 h, we examined myosin content
via western blot. Neutralizing extracellular 14-3-3 proteins
decreased myosin content compared to control myotubes, and
myotubes treated with heat-inactivated anti-pan14-3-3 antibody
(Figure 4B).
CD13 Receptor on C2C12 Myotubes and Adult
Skeletal Muscle
CD13 is the proposed receptor for some extracellular isoforms
of 14-3-3 (Ghaffari et al., 2010). CD13 is found on stem cells,
including myoblasts, but its presence on differentiated skeletal
muscle was not known (Ghosh et al., 2014; Rahman et al.,
2014a,b). Using an anti-CD13 antibody, we examined non-
permeabilized C2C12 myotubes for CD13 with a fluorescence
microscope, and found it present (Figure 5A).We also confirmed
FIGURE 5 | CD13 content is elevated in LCM-treated C2C12 myotubes
and LCM. (A) Image of anti-CD13 antibody using a fluorescence microscope.
(B) CD13 content in control vs. LCM-treated myotubes via western blot (mean
± SE, n = 6, *P < 0.05, t-test). (C) CD13 content in C2C12-CM vs. LCM
(mean ± SE, n = 4, *P < 0.05, t-test).
CD13 content inmyotubes via western blot.We found that LCM-
treated myotubes had higher CD13 content compared to control
(Figure 5B). Some pathologies show an increase in a soluble form
of CD13 in plasma (Van Hensbergen et al., 2002; Piedfer et al.,
2011; Wickstrom et al., 2011). Therefore, we tested CD13 content
in C2C12-CM vs. LCM via western blot and found that LCM
contained higher CD13 content (Figure 5C).
Aminopeptidase Inhibitor Decreases Myosin
Content in C2C12 Myotubes
Inhibiting the proposed receptor for extracellular 14-3-3 proteins
should have the same affect on myotubes as neutralizing 14-3-3
proteins. We treated myotubes with Bestatin, an inhibitor that
targets CD13 as well as aminopeptidase B and leukotriene A4
hydrolase. Using western blot, we found that 25µM Bestatin
decreased myosin content (Figure 6A). We also used an anti-
CD13 antibody in myotube culture medium to neutralize CD13,
but it did not affect myosin content (Figure 6B).
Discussion
Cachexia presents in 50% of all cancer patients and contributes
to 30% of all cancer deaths (Fox and Wang, 2007; Fearon,
2008; Tisdale, 2009). Efforts to identify the extracellular factors
that initiate cachexia are ongoing. The current consensus is
that cachexia syndrome is caused by multiple factors (Fearon
et al., 2011; Tsoli and Robertson, 2013). Several well-established
cachectic cytokines are elevated in the sera of cancer patients,
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FIGURE 6 | Inhibition of CD13 with Bestatin, but not antibody
neutralization, decreased myosin content in myotubes. (A) Western blot
comparing myosin content in control vs. Bestatin-treated myotubes (mean ±
SE, n = 7, *P < 0.05, t-test). (B) Western blot comparing myosin content in
control myotubes vs. myotubes for which CD13 was neutralized in myotube
culture medium or heat-inactivated CD23 antibody control (mean ± SE, n = 3,
n.s., ANOVA).
including TNF-α, IL-6, and myostatin (Barton, 2001; Jespersen
et al., 2006; Kayacan et al., 2006; White et al., 2013; Lokireddy
et al., 2015). However, clinical trials for single-target inhibitors
fail to fully alleviate muscle wasting (Mantovani et al., 2013; Tsoli
and Robertson, 2013). These results suggest that unidentified
factors may also be involved. Our goal was to identify new
candidates that may contribute to muscle wasting. Our novel
findings also show that: extracellular 14-3-3 proteins have a
role in muscle maintenance; CD13 is present on differentiated
skeletal muscle; and CD13 may act as the receptor for 14-3-3
proteins.
We began by validating our model using myotube size as a
morphological endpoint, and myosin as the molecular endpoint.
Myosin was chosen because it is preferentially degraded in
cachexia, and as the major contractile protein in skeletal muscle,
its loss can depress respiratory function, diminish strength,
and increase fatigue (Acharyya et al., 2004; Du et al., 2004; Li
et al., 2005; Tisdale, 2005; Zhang et al., 2011; Johns et al., 2013;
Chacon-Cabrera et al., 2014). We confirmed that LCM treatment
reduced size, total protein, and myosin content in myotubes
(Figures 1, 2); (Acharyya et al., 2004; Du et al., 2004; Banduseela
et al., 2007; Ochala and Larsson, 2008; Yano et al., 2008; Zhang
et al., 2011; Goncalves et al., 2013; Stacchiotti et al., 2014).
After establishing our model, we began identifying proteins
in LCM.
Using mass spectrometry, we confirmed 158 proteins,
including 33 secreted proteins (Figures 3A,B). Some proteins
identified derived from intracellular compartments, a common
occurrence in proteomic studies using conditioned media
(Huang et al., 2006; Kim et al., 2008; Sardana et al., 2008;
Planque et al., 2009; Yousefi et al., 2012). Due to high sensitivity
of mass spectrometry, contents from the few cells that die
during cell culture are identified. Alternatively, some intracellular
proteins may be secreted via exosomes and are identified in
conditioned media (Gross and Boutros, 2013; Raposo and
Stoorvogel, 2013; Shimoda and Khokha, 2013; Aoi and Sakuma,
2014). Of the 33 secreted proteins, we identified 14-3-3 proteins
as a promising cachexia-inducing candidate because they are
involved in multiple signaling pathways and have over 200
known binding partners.
14-3-3 proteins are multi-functional and highly conserved
binding proteins (Freeman and Morrison, 2011; Gardino and
Yaffe, 2011; Kleppe et al., 2011; Obsil, 2011). They include
seven isoforms, which are routinely found in the intracellular
environment affecting diverse signaling pathways such as
metabolism, growth, and apoptosis (Freeman and Morrison,
2011; Gardino and Yaffe, 2011; Kleppe et al., 2011; Obsil,
2011). However, several recent studies have shown that some
isoforms act in an extracellular manner to activate signaling
cascades. Maksymowych et al. reported that extracellular
14-3-3η was elevated in patients with rheumatoid arthritis
(RA). THP-1 cells treated with 14-3-3η showed increased
phosphorylation of ERK1/2 and JNK/SAPK and increased
production of inflammatory transcripts, IL-1β, IL-6, and MMP-
1 (Maksymowych et al., 2014). In another study, Ghaffari et al.
found that extracellular 14-3-3σ increased MMP-1 content in
fibroblasts (Ghaffari et al., 2010). Similarly, Asdaghi et al. found
that extracellular 14-3-3α/β induced MMP-1 transcript in lung
fibroblasts (Asdaghi et al., 2012). Notably, they also found that
media conditioned with lung cancer cell line, A549, and its
control, bronchial epithelial cell line HS24, both contained 14-
3-3α/β; however, the results for each cell line were presented
separately, making it impossible to compare extracellular 14-3-3
content.
In our study, we compared 14-3-3 content between LCM
and C2C12 myotube conditioned media. When we confirmed
the presence of 14-3-3 proteins in LCM via western blot, we
found that LCM contained lower pan14-3-3 content than C2C12-
CM (Figure 4A). In order to determine whether depletion of
extracellular 14-3-3 content might contribute to cachexia, we
treated myotube culture media with an anti-pan14-3-3 antibody.
Neutralization of extracellular 14-3-3 proteins decreased myosin
content in myotubes (Figure 4B). These data suggest that
extracellular 14-3-3 proteins are necessary for maintaining
myosin content in skeletal muscle, however a receptor for
extracellular 14-3-3 proteins in skeletal muscle was unknown.
Previous work by Ghaffari et al. in fibroblasts showed that
CD13 may act as the receptor for some isoforms of 14-3-
3. In their 2010 study, the authors used immunofluorescence
microscopy and found that 14-3-3σ co-localized with CD13
(Ghaffari et al., 2010). CD13 is found on many types of
stem cells, including skeletal muscle satellite cells (Rahman
et al., 2014a,b). Using an animal model of ischemic hind-
limb injury, Rahman et al. found that CD13KO had impaired
muscle regeneration compared to WT control mice (Rahman
et al., 2014a). These findings showed that CD13 is present on
muscle satellite cells and that it affects skeletal muscle, but its
presence on differentiated skeletal muscle was unknown. Using
immunofluorescence microscopy, we confirmed the presence
of CD13 on differentiated skeletal muscle, which is in itself a
novel finding (Figure 5A). Our results also showed that LCM
treatment increased CD13 content in myotubes (Figure 5B).
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Van Hensbergen et al. found elevated soluble CD13 (sCD13)
in the plasma of cancer patients, and suggested that tumors
shed CD13 from the plasma membrane (Van Hensbergen et al.,
2002). When we examined LCM vs. C2C12-CM for sCD13, we
found that LCM contained elevated sCD13 content (Figure 5C).
These novel data confirm the presence of CD13 on differentiated
skeletal muscle and in conditioned media from both lung tumors
and skeletal muscle. We speculate that sCD13 may bind 14-3-3
proteins in the samemanner that soluble TNFα receptors capture
TNFα: soluble CD13 may be the mechanism for extracellular
14-3-3 depletion.
With the presence of CD13 confirmed in differentiated
myotubes, we treated myotubes with Bestatin, a potent
aminopeptidase inhibitor, to determine if CD13 is the receptor
for 14-3-3 proteins in skeletal muscle. In theory, CD13
inhibition should affect skeletal muscle in the same manner
as depletion of 14-3-3 proteins. In fact, 25µM Bestatin did
decrease myosin content, which to our knowledge is a novel
finding (Figure 6A). These results show that aminopeptidases
are involved in skeletal muscle maintenance, but as Bestatin
has multiple targets, we needed to inhibit CD13 specifically.
However, CD13 neutralization using an anti-CD13 antibody did
not affect myosin content (Figure 6B). Interestingly, Ghaffari
et al. had the opposite result: when they used Bestatin to inhibit
the effects of extracellular 14-3-3σ via CD13, it had no effect
(Ghaffari et al., 2010). Their results may indicate that CD13
is not the receptor for 14-3-3σ despite co-localization, or, as
the authors suggested, that the site of CD13 enzymatic action
regarding MMP-1 may be at an alternate site from that which
Bestatin targets. There are several epitopes on CD13 targeted by
different monoclonal antibodies (Xu et al., 1997; Mina-Osorio,
2008; Piedfer et al., 2011). It is possible that the antibody we used
labeled CD13 without affecting the site where 14-3-3 proteins
bind.
Conclusions
Extracellular 14-3-3 proteins appear to have a role in maintaining
skeletal muscle mass, and some isoforms may act as previously
unidentified myokines. CD13 is a candidate receptor for 14-
3-3 proteins, and its soluble form may be the mechanism for
14-3-3 diminishment in LCM. Future studies should include
determining which individual isoforms of 14-3-3 act in the
extracellular space to affect skeletal muscle mass, and what role
soluble CD13 plays in differentiated skeletal muscle. This study
proposes a role for extracellular 14-3-3 proteins in skeletal muscle
and is an initiating point for future studies delineating this
previous unidentified pathway.
Author Contributions
JBM, JSM, and EH performed experiments and analyzed data;
JBM prepared figures, JBM drafted manuscript, JBM, JSM and
FA edited and revised manuscript; JBM, JSM, and FA conceived
experimental design; JBM, JSM, and FA approved final draft.
Acknowledgments
The study was supported by NIAMS/NIH R01 AR055974 to FA,
and Research Resources and the National Center for Advancing
Translational Sciences, NIH, through Grant UL1TR000117
to JM.
References
Acharyya, S., Ladner, K. J., Nelsen, L. L., Damrauer, J., Reiser, P. J., Swoap, S., et al.
(2004). Cancer cachexia is regulated by selective targeting of skeletal muscle
gene products. J. Clin. Invest. 114, 370–378. doi: 10.1172/JCI200420174
Aoi, W., and Sakuma, K. (2014). Does regulation of skeletal muscle
function involve circulating microRNAs? Front. Physiol. 5:39. doi:
10.3389/fphys.2014.00039
Argiles, J. M., Figueras, M., Ametller, E., Fuster, G., Olivan, M., De Oliveira, C.
C., et al. (2008). Effects of CRF2R agonist on tumor growth and cachexia in
mice implanted with Lewis lung carcinoma cells. Muscle Nerve 37, 190–195.
doi: 10.1002/mus.20899
Asdaghi, N., Kilani, R. T., Hosseini-Tabatabaei, A., Odemuyiwa, S. O., Hackett,
T. L., Knight, D. A., et al. (2012). Extracellular 14-3-3 from human lung
epithelial cells enhances MMP-1 expression.Mol. Cell. Biochem. 360, 261–270.
doi: 10.1007/s11010-011-1065-1
Banduseela, V., Ochala, J., Lamberg, K., Kalimo, H., and Larsson, L. (2007). Muscle
paralysis and myosin loss in a patient with cancer cachexia. Acta Myol. 26,
136–144.
Barton, B. E. (2001). IL-6-like cytokines and cancer cachexia: consequences of
chronic inflammation. Immunol. Res. 23, 41–58. doi: 10.1385/IR:23:1:41
Blum, D., Omlin, A., Baracos, V. E., Solheim, T. S., Tan, B. H., Stone, P., et al.
(2011). Cancer cachexia: a systematic literature review of items and domains
associated with involuntary weight loss in cancer. Crit. Rev. Oncol. Hematol.
80, 114–144. doi: 10.1016/j.critrevonc.2010.10.004
Carbo, N., Costelli, P., Busquets, S., Lopez-Soriano, J., Lopez-Soriano, F. J.,
Baccino, F. M., et al. (2004). Effect of c-ski overexpression on the development
of cachexia in mice bearing the Lewis lung carcinoma. Int. J. Mol. Med. 14,
719–723. doi: 10.3892/ijmm.14.4.719
Chacon-Cabrera, A., Fermoselle, C., Urtreger, A. J., Mateu-Jimenez, M., Diament,
M. J., De Kier Joffe, E. D., et al. (2014). Pharmacological strategies in lung
cancer-induced cachexia: effects on muscle proteolysis, autophagy, structure,
and weakness. J. Cell. Physiol. 229, 1660–1672. doi: 10.1002/jcp.24611
Du, J., Wang, X., Miereles, C., Bailey, J. L., Debigare, R., Zheng, B., et al.
(2004). Activation of caspase-3 is an initial step triggering accelerated muscle
proteolysis in catabolic conditions. J. Clin. Invest. 113, 115–123. doi: 10.1172/
JCI18330
Fearon, K., Arends, J., and Baracos, V. (2013). Understanding the mechanisms
and treatment options in cancer cachexia. Nat. Rev. Clin. Oncol. 10, 90–99. doi:
10.1038/nrclinonc.2012.209
Fearon, K. C. (2008). Cancer cachexia: developing multimodal therapy for a
multidimensional problem. Eur. J. Cancer 44, 1124–1132. doi: 10.1016/j.ejca.
2008.02.033
Fearon, K., Strasser, F., Anker, S. D., Bosaeus, I., Bruera, E., Fainsinger, R. L.,
et al. (2011). Definition and classification of cancer cachexia: an international
consensus. Lancet Oncol. 12, 489–495. doi: 10.1016/S1470-2045(10)70218-7
Fox, J. G., and Wang, T. C. (2007). Inflammation, atrophy, and gastric cancer.
J. Clin. Invest. 117, 60–69. doi: 10.1172/JCI30111
Freeman, A. K., and Morrison, D. K. (2011). 14-3-3 Proteins: diverse functions in
cell proliferation and cancer progression. Semin. Cell Dev. Biol. 22, 681–687.
doi: 10.1016/j.semcdb.2011.08.009
Gardino, A. K., and Yaffe, M. B. (2011). 14-3-3 proteins as signaling integration
points for cell cycle control and apoptosis. Semin. Cell Dev. Biol. 22, 688–695.
doi: 10.1016/j.semcdb.2011.09.008
Frontiers in Physiology | www.frontiersin.org 6 April 2015 | Volume 6 | Article 136
McLean et al. Tumor-induced muscle wasting
Ghaffari, A., Li, Y., Kilani, R. T., and Ghahary, A. (2010). 14-3-3 sigma
associates with cell surface aminopeptidase N in the regulation of matrix
metalloproteinase-1. J. Cell Sci. 123, 2996–3005. doi: 10.1242/jcs.069484
Ghosh, M., Gerber, C., Rahman, M. M., Vernier, K. M., Pereira, F. E., Subramani,
J., et al. (2014). Molecular mechanisms regulating CD13-mediated adhesion.
Immunology 142, 636–647. doi: 10.1111/imm.12279
Goncalves, E. M., Salomao, E. M., and Gomes-Marcondes, M. C. (2013). Leucine
modulates the effect of Walker factor, a proteolysis-inducing factor-like protein
from Walker tumours, on gene expression and cellular activity in C2C12
myotubes. Cytokine 64, 343–350. doi: 10.1016/j.cyto.2013.05.018
Gordon, B. S., Kelleher, A. R., and Kimball, S. R. (2013). Regulation of muscle
protein synthesis and the effects of catabolic states. Int. J. Biochem. Cell Biol.
45, 2147–2157. doi: 10.1016/j.biocel.2013.05.039
Gross, J. C., and Boutros, M. (2013). Secretion and extracellular space travel of
Wnt proteins. Curr. Opin. Genet. Dev. 23, 385–390. doi: 10.1016/j.gde.2013.
02.017
Huang, L. J., Chen, S. X., Luo, W. J., Jiang, H. H., Zhang, P. F., and Yi, H. (2006).
Proteomic analysis of secreted proteins of non-small cell lung cancer. Ai Zheng
25, 1361–1367.
Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2011).
Global cancer statistics. CA Cancer J. Clin. 61, 69–90. doi: 10.3322/caac.
20107
Jespersen, J., Kjaer, M., and Schjerling, P. (2006). The possible role of myostatin in
skeletal muscle atrophy and cachexia. Scand. J. Med. Sci. Sports 16, 74–82. doi:
10.1111/j.1600-0838.2005.00498.x
Johns, N., Stephens, N. A., and Fearon, K. C. (2013). Muscle wasting in cancer. Int.
J. Biochem. Cell Biol. 45, 2215–2229. doi: 10.1016/j.biocel.2013.05.032
Kayacan, O., Karnak, D., Beder, S., Gullu, E., Tutkak, H., Senler, F. C., et al.
(2006). Impact of TNF-alpha and IL-6 levels on development of cachexia
in newly diagnosed NSCLC patients. Am. J. Clin. Oncol. 29, 328–335. doi:
10.1097/01.coc.0000221300.72657.e0
Kim, J. E., Koo, K. H., Kim, Y. H., Sohn, J., and Park, Y. G. (2008). Identification of
potential lung cancer biomarkers using an in vitro carcinogenesis model. Exp.
Mol. Med. 40, 709–720. doi: 10.3858/emm.2008.40.6.709
Kleppe, R., Martinez, A., Doskeland, S. O., and Haavik, J. (2011). The 14-3-3
proteins in regulation of cellularmetabolism. Semin. Cell Dev. Biol. 22, 713–719.
doi: 10.1016/j.semcdb.2011.08.008
Li, Y. P., Chen, Y., John, J., Moylan, J., Jin, B., Mann, D. L., et al. (2005).
TNF-alpha acts via p38 MAPK to stimulate expression of the ubiquitin ligase
atrogin1/MAFbx in skeletal muscle. FASEB J. 19, 362–370. doi: 10.1096/fj.04-
2364com
Lokireddy, S., Wijesoma, I. W., Bonala, S., Wei, M., Sze, S. K., McFarlane, C.,
et al. (2015). Myostatin is a novel tumoral factor that induces cancer cachexia.
Biochem. J. 466, 201. doi: 10.1042/BJ20112024
Maksymowych, W. P., Van Der Heijde, D., Allaart, C. F., Landewe, R., Boire,
G., Tak, P. P., et al. (2014). 14-3-3eta is a novel mediator associated with the
pathogenesis of rheumatoid arthritis and joint damage. Arthritis Res. Ther. 16,
R99. doi: 10.1186/ar4547
Mantovani, G., Madeddu, C., and Maccio, A. (2013). Drugs in development for
treatment of patients with cancer-related anorexia and cachexia syndrome.
Drug Des. Devel. Ther. 7, 645–656. doi: 10.2147/DDDT.S39771
McLean, J. B., Moylan, J. S., and Andrade, F. H. (2014). Mitochondria dysfunction
in lung cancer-induced muscle wasting in C2C12 myotubes. Front. Physiol.
5:503. doi: 10.3389/fphys.2014.00503
Mina-Osorio, P. (2008). The moonlighting enzyme CD13: old and new functions
to target. Trends Mol. Med. 14, 361–371. doi: 10.1016/j.molmed.2008.06.003
Moylan, J. S., Smith, J. D., Wolf Horrell, E. M., McLean, J. B., Deevska, G.
M., Bonnell, M. R., et al. (2014). Neutral sphingomyelinase-3 mediates TNF-
stimulated oxidant activity in skeletal muscle. Redox Biol. 2, 910–920. doi:
10.1016/j.redox.2014.07.006
Obsil, T. (2011). 14-3-3 proteins–a family of universal scaffolds and regulators.
Semin. Cell Dev. Biol. 22, 661–662. doi: 10.1016/j.semcdb.2011.09.011
Ochala, J., and Larsson, L. (2008). Effects of a preferential myosin loss on Ca2+
activation of force generation in single human skeletal muscle fibres. Exp.
Physiol. 93, 486–495. doi: 10.1113/expphysiol.2007.041798
Piedfer, M., Dauzonne, D., Tang, R., N’guyen, J., Billard, C., and Bauvois, B. (2011).
Aminopeptidase-N/CD13 is a potential proapoptotic target in human myeloid
tumor cells. FASEB J. 25, 2831–2842. doi: 10.1096/fj.11-181396
Planque, C., Kulasingam, V., Smith, C. R., Reckamp, K., Goodglick, L.,
and Diamandis, E. P. (2009). Identification of five candidate lung cancer
biomarkers by proteomics analysis of conditioned media of four lung cancer
cell lines. Mol. Cell. Proteomics 8, 2746–2758. doi: 10.1074/mcp.M900134-
MCP200
Puppa, M. J., Gao, S., Narsale, A. A., and Carson, J. A. (2014). Skeletal muscle
glycoprotein 130’s role in Lewis lung carcinoma-induced cachexia. FASEB J. 28,
998–1009. doi: 10.1096/fj.13-240580
Rahman, M. M., Ghosh, M., Subramani, J., Fong, G. H., Carlson, M. E., and
Shapiro, L. H. (2014a). CD13 regulates anchorage and differentiation of the
skeletal muscle satellite stem cell population in ischemic injury. Stem Cells 32,
1564–1577. doi: 10.1002/stem.1610
Rahman, M. M., Subramani, J., Ghosh, M., Denninger, J. K., Takeda, K., Fong,
G. H., et al. (2014b). CD13 promotes mesenchymal stem cell-mediated
regeneration of ischemic muscle. Front. Physiol. 4:402. doi: 10.3389/fphys.2013.
00402
Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes,
microvesicles, and friends. J. Cell Biol. 200, 373–383. doi: 10.1083/jcb.2012
11138
Romanello, V., and Sandri, M. (2010). Mitochondrial biogenesis and
fragmentation as regulators of muscle protein degradation. Curr. Hypertens.
Rep. 12, 433–439. doi: 10.1007/s11906-010-0157-8
Sardana, G., Jung, K., Stephan, C., and Diamandis, E. P. (2008). Proteomic
analysis of conditionedmedia from the PC3, LNCaP, and 22Rv1 prostate cancer
cell lines: discovery and validation of candidate prostate cancer biomarkers.
J. Proteome Res. 7, 3329–3338. doi: 10.1021/pr8003216
Shimoda, M., and Khokha, R. (2013). Proteolytic factors in exosomes. Proteomics
13, 1624–1636. doi: 10.1002/pmic.201200458
Society, A. C. (2012). Cancer Facts and Figures 2012. Atlanta: American Cancer
Society.
Stacchiotti, A., Rovetta, F., Ferroni, M., Corsetti, G., Lavazza, A., Sberveglieri,
G., et al. (2014). Taurine rescues cisplatin-induced muscle atrophy
in vitro: a morphological study. Oxid. Med. Cell. Longev. 2014:840951.
doi: 10.1155/2014/840951
Tan, B. H., and Fearon, K. C. (2008). Cachexia: prevalence and impact in medicine.
Curr. Opin. Clin. Nutr. Metab. Care 11, 400–407. doi: 10.1097/MCO.0b013
e328300ecc1
Tisdale, M. J. (2005). The ubiquitin-proteasome pathway as a therapeutic target for
muscle wasting. J. Support. Oncol. 3, 209–217.
Tisdale, M. J. (2009). Mechanisms of cancer cachexia. Physiol. Rev. 89, 381–410.
doi: 10.1152/physrev.00016.2008
Tsoli, M., and Robertson, G. (2013). Cancer cachexia: malignant inflammation,
tumorkines, and metabolic mayhem. Trends Endocrinol. Metab. 24, 174–183.
doi: 10.1016/j.tem.2012.10.006
Tzivion, G., Dobson, M., and Ramakrishnan, G. (2011). FoxO transcription
factors; Regulation by AKT and 14-3-3 proteins. Biochim. Biophys. Acta 1813,
1938–1945. doi: 10.1016/j.bbamcr.2011.06.002
Van Hensbergen, Y., Broxterman, H. J., Hanemaaijer, R., Jorna, A. S., Van Lent,
N. A., Verheul, H. M., et al. (2002). Soluble aminopeptidase N/CD13 in
malignant and nonmalignant effusions and intratumoral fluid.Clin. Cancer Res.
8, 3747–3754.
White, J. P., Puppa, M. J., Gao, S., Sato, S., Welle, S. L., and Carson, J. A.
(2013). Muscle mTORC1 suppression by IL-6 during cancer cachexia: a
role for AMPK. Am. J. Physiol. Endocrinol. Metab. 304, E1042–E1052. doi:
10.1152/ajpendo.00410.2012
Wickstrom, M., Larsson, R., Nygren, P., and Gullbo, J. (2011). Aminopeptidase
N (CD13) as a target for cancer chemotherapy. Cancer Sci. 102, 501–508. doi:
10.1111/j.1349-7006.2010.01826.x
Xu, Y., Wellner, D., and Scheinberg, D. A. (1997). Cryptic and regulatory epitopes
in CD13/aminopeptidase N. Exp. Hematol. 25, 521–529.
Yano, C. L., Ventrucci, G., Field, W. N., Tisdale, M. J., and Gomes-Marcondes,
M. C. (2008). Metabolic and morphological alterations induced by proteolysis-
inducing factor from Walker tumour-bearing rats in C2C12 myotubes. BMC
Cancer 8:24. doi: 10.1186/1471-2407-8-24
Yousefi, Z., Sarvari, J., Nakamura, K., Kuramitsu, Y., Ghaderi, A., and Mojtahedi,
Z. (2012). Secretomic analysis of large cell lung cancer cell lines using
two-dimensional gel electrophoresis coupled to mass spectrometry. Folia
Histochem. Cytobiol. 50, 368–374. doi: 10.5603/FHC.2012.0050
Frontiers in Physiology | www.frontiersin.org 7 April 2015 | Volume 6 | Article 136
McLean et al. Tumor-induced muscle wasting
Zhang, G., Jin, B., and Li, Y. P. (2011). C/EBPbeta mediates tumour-induced
ubiquitin ligase atrogin1/MAFbx upregulation and muscle wasting. EMBO J.
30, 4323–4335. doi: 10.1038/emboj.2011.292
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 McLean, Moylan, Horrell and Andrade. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Physiology | www.frontiersin.org 8 April 2015 | Volume 6 | Article 136
